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The aims of this study were to evaluate the distribution of
99mTc-methoxyisobutylisonitrile (MIBI) in 3 animal models of
breast cancer, the effect of radiotherapy on #™Tc-MIBI uptake,
and the relationship between uptake and microvessel density.
Methods: We used syngeneic, subcutaneously transplanted
FM3A, MM48, and Ehrlich mouse breast cancer. #"Tc-MIBI and
FDG were injected intravenously, and tumor uptake was mea-
sured 30 min later. Double-tracer macroautoradiography (ARG)
images were prepared with #mTc-MIBI and 2-deoxy-D-[1-'4C]-
glucose ('“C-DG), analyzed quantitatively, and compared with
histology. The radiotherapeutic effects of 20 Gy x-ray irradiation
were monitored by measuring tumor volume, tumor uptake, and
ARG findings using %™Tc-MIBlI and FDG in FM3A tumors.
Microvessel density was quantified by immunohistochemical
staining for CD34 and compared with ARG using %™ Tc-MIBI in
FM3A tumors. Results: FM3A, MM48, and Ehrlich tumors
showed different growth rates and radiosensitivities. Uptake of
FDG, but not of #mTc-MIBI, correlated significantly with growth
rates. Compared with “C-DG, #™Tc-MIBI accumulated more in
cancer cells and less in infiltrating fibroblasts and macrophages
in all tumor models. Irradiation significantly decreased #mTc-MIBI
uptake, but a rapid increase was noted at recurrence on day 7.
Changes in FDG uptake were not significant at recurrence.
Microvessel density in tumor tissue correlated significantly with
9%mTc-MIBI uptake on ARG. Conclusion: Accumulation of #mTc-
MIBI in cancer cells is preferential and can be used as a sensitive
marker to examine the response to radiotherapy. Angiogenesis
seems to enhance accumulation of #mTc-MIBI in tumors. These
characteristics may be favorable for tumor imaging using #™Tc-
MiBI.
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Breast cancer is the leading cause of death among
women in developed countries, and the incidence of breast
cancer remains high (7). ®™Tc-methoxyisobutylisonitrile
(MIBI) is a tracer that is widely used as a myocardial
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perfusion agent. Since the publication of the first study on
99mTc-MIBI uptake in breast cancer in 1992 (2), there has
been continued interest in the evaluation of breast cancer
using this radiopharmaceutical agent. Various groups have
reported the clinical usefulness of **™Tc-MIBI scintimam-
mography. In particular, ~Tc-MIBI scintimammography
has been used to detect tumors in patients with dense breasts,
to evaluate chemotherapeutic response, and to predict multi-
drug resistance (3-6). Cellular accumulation of *"Tc-MIBI
has been shown to correlate with the level of P-glycoprotein
expression. P-glycoprotein, a product of the mdr gene, is
well known to actively expel #"Tc-MIBI from tumor cells
through an efflux pump using adenosine triphosphate (5,7-
9). However, only a few studies have evaluated the accumu-
lation and distribution of *™Tc-MIBI within tumors negative
for P-glycoprotein.

Angiogenesis is an important process in the proliferation
and metastasis of breast carcinoma (/0-13), and immunobhis-
tochemically determined microvessel density has been used
as a prognostic indicator of breast cancer (/1-13). However,
to our knowledge, the correlation between angiogenesis and
the magnitude of tumor *™Tc-MIBI uptake has not been
evaluated.

Our aim was to evaluate intratumoral accumulation and
distribution of *™Tc-MIBI and to compare it with either
2-deoxy-D-[1-14C]-glucose (!*C-DG) or FDG using 3 animal
models of breast cancer. We also investigated the effects of
irradiation on ®™Tc-MIBI uptake and evaluated the correla-
tion between microvessel density and ™Tc-MIBI uptake.

MATERIALS AND METHODS

Tumor Growth Study

The experimental protocol was approved by the Laboratory
Animal Care Committee of Tohoku University. Female 6-wk-old
C3H/He or pDY mice received in their left thighs 0.1-mL subcutane-
ous injections of a suspension containing between 0.5 X 107 and
1.5 X 107 cells of syngeneic mouse breast cancer models of FM3A,
MM48, and Ehrlich. The solid tumors were measured daily using
vernier calipers. The product of the 3 principal diameters of each
tumor was designated as tumor volume. Irradiation was performed
when the tumor diameter reached approximately 10 mm. The mice
were anesthetized with an intraperitoneal injection of 1 mg sodium
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pentobarbital and then were positioned with adhesive tape to place
the tumor-bearing thigh in the field of irradiation. The other parts of
the body were left outside the field (/4). Tumors were exposed to a
single dose of 20 Gy x-rays (150 kV, 20 mA) using experimental
irradiation equipment (MBR-1520R, Hitachi Medical Co., Japan)
at a rate of 1.50 Gy/min (at 65-cm source-skin distance and 1-cm
depth) with a 1-mm aluminum filter to remove low-energy x-rays
and to homogenize the dose distribution. Nonirradiated tumors in
mice that were handled in the same manner were used as controls.
Eight irradiated mice and 8 nonirradiated mice were used for the
tumor growth study.

Tumor Uptake Study

The FM3A, MM48, and Ehrlich tumor uptake study was
performed when the volume of each tumor was approximately
1000 mm? (approximately 10 mm in diameter). Seven mice bearing
tumors in both thighs were used for each type of tumor, for a total
of 21 mice. After the mice had fasted for 6 h, 555 kBq (15 uCi)
FDG (radiochemical purity > 99%) and 740 kBq (20 pCi)
9mTc-MIBI (Daiichi Radioisotope Laboratories, Tokyo, Japan)
were mixed in 0.25 mL saline and injected through the lateral tail
vein. FDG was synthesized using an automated system (/5). Thirty
minutes later, the mice were killed by an overdose of anesthesia.
Tumor samples were quickly dissected, excised, and weighed, and
8F was measured by an automated <y scintillation counter with a
window of 450-600 keV just after sampling. No ®™Tc radioactivity
spilled over to the window of '8F. Twenty-four hours later, when '8F
(half-life, 109.7 min) had decayed to 0.01%, ™Tc was measured
with a window of 70-180 keV. ®"Tc was counted without
contamination of '8F radioactivity at that time. Tumor radioactivity
was expressed as percentage injected dose (%ID) per gram, which
equals ([tissue counts per minute/tissue weight in grams}/injected
dose counts per minute) X 100.

We did not estimate the expression of tumor radioactivity per
unit of body weight, because the 6-wk-old female C3H/He and DDY
mice were handled in the same manner and were of similar body
weight.

Double-Tracer Macroautoradiography

Approximately 10 d after tumor cell transplantation, C3H/He
mice with FM3A and MM48 tumors and DDY mice with Ehrlich
tumors received intravenous injections of a mixture of 111 MBq (3
mCi) %™Tc-MIBI and 370 kBq (10 pCi) “C-DG (American
Radiolabeled Chemicals, Inc., St. Louis, MO). The specific activity
was 2.04 GBg/mmol, and the radiochemical purity was more than
99%. In preliminary studies, we determined the linear correlation
between the radioactivity and the autoradiographic density of
9mTc, a pure vy emitter, and selected 111 MBq per mouse as the
injection dose for macroautoradiography (ARG). A linear relation-
ship between the density on ARG and the actual radioactivity has
been reported for “C (16) using the same ARG experimental
system. In this study, ARG was performed within the confirmed
range of linearity.

The mice were killed by an overdose of chloroform at 30 min.
This time point was determined through a time-course tissue
distribution experiment. The tumors were dissected and embedded
in a frozen block with a medium (O.C.T. compound; Miles Inc.,
Elkhart, IN), and the sample blocks were sectioned on a cryostat at
—25°C (16,17). Sections (10 pm thick) were mounted on clean
glass slides, air dried, and placed in direct contact with ARG films
(BioMax MR; Kodak, Rochester, NY) for 6 h to produce #™Tc-
MIBI images. Three days later (approximately 12 half-lives of

1562 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 41

99mTc), when ®™Tc had decayed, the same sections were placed in
contact with other films for 7 d to produce “C-DG images. Sections
on the slides were stained with hematoxylin-eosin and examined
under an optical microscope.

Analysis of ARG

Intratumoral distribution of 2 tracers within the same sections
was analyzed using coregistered double-tracer ARG images and
image analysis software (Win ROOF, version 3.21; Mitani Corp.,
Fukui, Japan). ARG images were computerized using a charged
coupled device camera system (FUJI HC-300/0OL; Fuji Photo Film
Co., Tokyo, Japan), then stored as 1280 X 1000 pixel 8-bit images
(256 gray scale). Intratumoral tissue components were covered
with a square region of interest (ROI) ranging from 0.5 X 0.5 to
2.0 X 2.0 mm for comparative histology. Quantitative evaluation of
ARG was performed by measuring the optical density in the ROIs
after background subtraction. This measurement was followed by
analysis of the regional radioactivity of the 2 tracers in the same
ROI in the same section.

FDG Uptake Study and ™ Tc-MiBI After Irradiation

We used the FM3A tumor for this study. Four groups, each
containing 6 mice, were administered FDG and #™Tc-MIBI 2, 4, or
7 d after irradiation. Mice of another group (n = 6) were not
irradiated and served as controls (day 0). X-ray irradiation was
performed using the same method as for the tumor growth study.
Thirty minutes after injection of FDG and #™Tc-MIBI, tumors
were excised from each of 24 mice, and blood samples were
withdrawn by heart puncture.

ARG After Irradiation

Two days after exposure to 20 Gy of single-dose x-ray irradia-
tion, FM3A tumors were prepared for ARG using the same method
as described above. Double-tracer ARG images with #™Tc-MIBI
and “C-DG were prepared similarly, and the sections were
processed for hematoxylin-eosin staining and microscopic
evaluation.

Microvessel Inmunohistochemical Staining and
%mTc-MIBI ARG

Microvessels in tumor tissues were identified by staining
endothelial cells with mouse monoclonal antibody against CD34
(Nichirei Co., Tokyo, Japan) (/3,18,19). Briefly, 10-pm-thick
sections of frozen FM3A tumors were mounted on poly-L-lysine—
coated microscope slides, air dried, fixed in acetone at 4°C for 10
min, and processed for ARG of ¥™Tc-MIBI as described above.
The same sections were processed for standard avidin-biotinylated
peroxidase complex methods after the incubation with monoclonal
antibody to microvessel CD34. Diaminobenzidine was used as a
chromogen (Vector Laboratories, Burlingame, CA). For negative
controls, sections were prepared without using the primary antibody.

Sections of FM3A tumors were examined for the density of
microvessels and the radioactivity of *™Tc-MIBI. Initially, 3 areas
of each section were classified according to the microvessel density
in the tumor at low magnification (X20 and X100) as high,
intermediate, or low. Then, individual microvessels in the classified
areas were counted on a X400 field (0.09 mm? per field). Any
brown-stained endothelial cell or cell cluster that was clearly
separate from adjacent microvessels, cancer cells, and other
connective tissue elements was considered a single, countable
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microvessel. Each count was expressed as the number of microves-
sels identified within a X400 field and expressed per square
millimeter.

99mTc-MIBI ARG images were analyzed on a computer. Indi-
vidual areas of images corresponding to microvessel density grade
in the same section were covered with square ROIs (each ROI was
0.4 X 0.4 mm), and quantitative evaluation was performed as
described above. Then, the regional radioactivity of *™Tc-MIBI
ARG of the corresponding microvessel density grade at the same
section was plotted. The correlation coefficient of the relationship
between optical density on ™Tc-MIBI and microvessel density
was computed.

RESULTS

Effect of irradiation on Tumor Growth Curve

Figure 1 shows the effect of irradiation on the growth
curve of each tumor. MM48 tumors were the most radioresis-
tant; these continued to increase in volume even after 20 Gy
irradiation.

FDG and #™Tc-MIBI Tumor Uptake Study

Table 1 shows the uptake of FDG and *™Tc-MIBI 30 min
after injection. Tumor uptake of FDG was higher than that of
9mTc-MIBI for all types of tumors. A comparison of the
uptake of the 2 tracers showed that uptake was highest for
MM48 tumors (the most rapidly growing and radioresistant
type), lower for FM3A tumors, and lowest for Ehrlich
tumors (a slow-growing and radiosensitive type). Differ-
ences in the uptake pattern of FDG among the 3 tumors were
statistically significant (P < 0.001). In contrast, *™Tc-MIBI
showed a similar accumulation in each type of tumor.

TABLE 1
Comparison of Uptake by Tumors

Tumor FDG 9mTc-MIBI
FM3A 8.50 + 1.03* 141 £ 0.33
MM48 9.63 + 1.91* 1.18 = 0.69
Ehrlich 473 + 1.18* 1.75 = 0.26

*P < 0.001, Fisher test.
Data are expressed as mean %ID/g + SD of 14 mice 30 min after
injection.

Double-Tracer ARG with **"Tc-MIBI and '“C-DG

Figure 2 shows representative ARG images of #™Tc-
MIBI and “C-DG in the double-tracer study, the correspond-
ing histologic tumor sections, and sketches of the photo-
micrographs.

Optical Density of Different Tissue Components

Figure 3 shows the results of ARG with ¥™Tc-MIBI and
14C-DG images. Table 2 compares the uptake of 2 tracers by
viable cancer cells and connective tissue. The ratio of viable
cancer cells to connective tissue on #™Tc-MIBI images was
significantly higher than on “C-DG images for all tumors
(P < 0.05 for FM3A and Ehrlich; P < 0.001 for MM48).
These results suggest that intratumoral accumulation of
99mTc-MIBI represents the presence of viable cancer cells
more preferentially than does intratumoral accumulation of
14C-DG.
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FIGURE 1. Tumor growth curve after single dose of 20 Gy irradiation (Irrad.). Day 0 is when tumor cells were inoculated in thighs of

mice. Irradiation was performed on day 6 for MM48 tumors, day 8 for FM3A tumors, and day 7 for Ehrlich tumors. Changes in tumor
volume are plotted on logarithmic scale against time on linear scale. Each point represents mean of 8 tumors. Pattern of FM3A tumor
growth shows swelling for 2 d after irradiation (days 9 and 10), followed by shrinkage until day 16 (8 d after irradiation) and regrowth on
day 17 (9 d after irradiation). Ehrlich tumors show radiosensitivity, which regresses soon after irradiation and becomes unmeasurable
on day 17 (10 d after irradiation). MM48 shows rapid growth, with tumor volume doubling in approximately 2.0 d. For FM3A and
Ehrlich, volume doubling time was approximately 2.5 and 3.8 d, respectively, as measured from time of irradiation.
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4C-DG

%mTc-MIBI

Ehrlich

FIGURE 2. ARG images of #mTc-MIBI and 4C-DG distribution, photomicrograph of specimen stained with hematoxylin-eosin (H.E.)
used for production of ARG image, and sketch of photomicrograph. In top row, FM3A tumor shows similar uptake pattern for
9%mTc-MIBI and “C-DG. Histologic examination showed viable cancer cells occupying almost the whole tumor and dense area on both

ARG images corresponding to viable cancer cells. In middle row,

MM48 shows higher uptake of both tracers by viable cancer cells

than by degenerating cancer cells and connective tissue. Almost no tracer accumulation is seen in necrotic tissue in both images. In
bottom row, muscle has highest #mTc-MIBI uptake, and accumulation in viable and degenerating cancer cells is slight. 14C-DG is
accumulated largely within cancer cells, whereas muscle and connective tissue show equal tracer accumulation. Each tracer showed
little uptake by necrotic tissue. = viable cancer cells; B33 = degenerating cancer cells; EE = connective tissue; EZ3 = necrotic

tissue; Hl = muscle. Scale baris 5 mm.

Uptake Study of FDG and **™Tc-MIBI After Irradiation

At our laboratory, previous time-course studies of the
distribution of FDG uptake in tissues showed that a transient
rise in blood levels 1 min after injection was followed by a
rapid decrease and, afterward, a persistently low uptake
(20). In a series of preliminary experiments, we confirmed
that "Tc-MIBI levels in blood decreased within 5 min after
injection and remained low and stable. Therefore, we
considered the %ID of blood as the background value. To
compensate for large differences in the absolute value of
FDG and *"Tc-MIBI, and to compare the changes in the
uptake pattern after radiotherapy, tumor uptake data were
expressed as the tumor-to-blood ratio (%ID of tumor/%ID of
blood).

In Figure 4, FM3A tumor-to-blood ratios of the 2 tracers
are compared after a single irradiation dose of 20 Gy. The
results suggest that regrowth of FM3A after radiotherapy is
detected as an earlier increase in ®™Tc-MIBI uptake than in
FDG uptake, in addition to changes in tumor volume.

ARG of Irradiated Tumors

Figure 5 shows double-tracer ARG of an FM3A tumor
and a histologic section. Differences in uptake pattern were
seen between **"Tc-MIBI and “C-DG in the same section.
An accumulation of '“C-DG in areas containing fibroblasts
and macrophages, in addition to areas containing viable
cancer cells, influenced radiotherapy and explains the “C-DG
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uptake pattern in ARG. The dense ring on the ¥™Tc-MIBI
image consisted of almost all viable cancer cells, and the
low-uptake areas inside the hot areas consisted of both
viable cancer cells and damaged cells with swollen nuclei
and cytoplasm, pyknotic changes such as apoptosis, and
abnormal mitosis because of radiotherapy (27). These find-
ings suggest that #=Tc-MIBI accumulates in areas of little
irradiation damage but not in areas of severe damage.

Correlation Between Microvessel Density and Optical
Density of %"Tc-MIBI ARG

A total of 32 slides were stained, and microvessel counts
were satisfactory in 24. The other 8 could not be evaluated
because of low stain intensity, high background staining, or
insufficient FM3A tumor tissue for microvessel counting. As
Figure 6 shows, areas of high neovascularization were not
distributed in a specific area of the tumor, although they
were most frequently noted at the tumor periphery. Areas
containing myocytes were excluded, because the optical
density was high (Fig. 2). The mean (*SD) microvessel
count was 21.9 * 11.7 per X400 field (median, 20; range,
4-69; n = 72) and the mean optical density was 21.9 + 15.6
per pixel (median, 18.4; range, 2.1-51.8; n = 72). Figure 7
shows a linear and significant correlation between microves-
sel density in FM3A tumors and the optical density of
9mTc-MIBI ARG in the same sections (r = 0.592; P <
0.0001; n = 72).
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FIGURE 3. Comparison of intratumoral cellular uptake ratio
among 3 tumors. Uptake is expressed relative to highest uptake
of #¥mTc-MIBI and “C-DG in tissue component 30 min after
injection. #mTc-MIBI shows higher uptake by muscle than by
other components for all tumor models, whereas “C-DG shows
very high uptake by viable cancer cells. Necrotic tissue has
lowest uptake of both tracers for all tumors. #mTc-MIBI shows
similar intratumoral distribution pattern irrespective of tumor
characteristics.

DISCUSSION

A study has shown that the accumulation of *"Tc-MIBI
within mitochondria is caused by the electric potentials
generated across mitochondrial membranes (22). Because
malignant tumors maintain a more negative transmembrane
potential, *™Tc-MIBI accumulation increases in these tis-
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TABLE 2
Comparison of Optical Density on Background-Corrected

ARG Images
Tumor 9mTc-MIBI “C-DG
FM3A 3.18 + 1.22* 1.79 * 0.52
MM48 3.62 + 0.971 1.74 + 0.11
Ehrlich 2.87 = 1.00* 1.75 *= 0.26
*P<0.05.
1P < 0.001.

Values are mean ratio of viable cancer cells to connective tissue =
SD in 6~12 mice. Student ttest was used for FM3A data, and Welch's
ttest was used for MM48 and Ehrlich data.

sues (23,24). Furthermore, other studies have shown that the
organotechnetium complex, #™Tc-MIBI, a lipophilic cat-
ionic radiopharmaceutical, is a suitable transport substrate
for P-glycoprotein (5,7). However, the distribution character-
istics of #mTc-MIBI and its ARG findings have not been
reported previously, because ™Tc provides a pure -y emis-
sion that radiates through a contact ARG film. Recently,
FDG PET has been used not only for the detection of
malignant tumors but also for the assessment of chemothera-

1200

1100

Tumor to Blood Uptake Ratio
Change of Tumor Volume(%,0)

Days after iradiation

FIGURE 4. Dynamic changes in FM3A tumor uptake for FDG
and %" Tc-MIBI and tumor volume for 7 d after single dose of 20
Gy x-ray irradiation. Nonirradiated group is represented by data
at day 0. Data are mean and SD of 6 mice. Tumor volume is
plotted as mean value for reference (mean and SD are shown in
Fig. 1). In nonirradiated control tumors, FDG uptake (solid line) is
higher than 2*"Tc-MIBI uptake (broken line). FDG and #*"Tc-MIBI
uptake show similar dynamic changes until day 4, consisting of
gradual decrease on day 2 to 88.0% * 16.8% and 79.9% *
7.1%, respectively, of control level. Thereafter, uptake of both
tracers increases gradually on day 4 to 104% * 36.4% and
110% * 46.1%, respectively, of control level. FDG uptake does
not change (104% = 23.2% of control level) on day 7, whereas
#mTc-MIBI uptake increases progressively on day 7 to twice
control level (199 *+ 61.0% of control level) and is also higher
than FDG uptake.
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FIGURE 5. ARG images with %™ Tc-MIBI
(A) and “C-DG (B), and corresponding
histology of FM3A tumor (C), 2 d after
irradiation. 1C-DG ARG shows central, low-
density area of necrosis and “C-DG uptake
in viable tissue, with scattered spots and
intense ring in periphery. #mTc-MIBI ARG
does not show high density in ring of viable
tissue but shows another ring of high den-
sity outside, in middle of viable tissue. Mag-
nification (X200) of area indicated by arrow
shows pyknotic changes (arrowhead) (D)
and presence of viable cancer cells (VC),
necrosis (N), and macrophage layer (M).
Scale baris 1 mm for A-C and 100 um for D.

peutic effects, proliferation activities, grade of malignancy,
and prognosis based on the glucose metabolism of a variety
of tumors (25-27). As for breast cancer, Adler et al. (28)
reported that FDG uptake correlated with the histologic
grade of malignancy. In tumor cells, deoxyglucose is
similarly phosphorylated by intracellular hexokinase en-
zyme but is not further metabolized and trapped in cells as
deoxyglucose-6 phosphate. Therefore, the level of glycoly-
sis in the tissue can be measured by the accumulation of
FDG or “C-DG.

In this study, we used 3 mouse breast cancer models with
different growth rates and radiosensitivities. In our tumor
uptake study of FDG and *™Tc-MIBI, FDG showed a higher
uptake than did #"Tc-MIBI, and the difference between the
3 tumors was significant with FDG but not with ™Tc-MIBI
(Table 1). Biologic studies have shown that FDG uptake
correlates with the growth rate of cancer cells (29) and is
also a marker of viable tissues, including proliferating and
nonproliferating cancer cells (26,30). However, %™Tc-MIBI
showed a similar low uptake pattern in all tumor models.
These results suggest that ™Tc-MIBI uptake is increased in
neoplastic tissue but does not reflect the growth rate.

We performed ARG to investigate the intratumoral distri-
bution pattern of *™Tc-MIBI and “C-DG in syngeneic

FIGURE 6. ARG image of #mTc-MIBI (A)
and immunohistochemical microvessel stain-
ing for CD34 antigen of area indicated by
arrow (X400) (B). Microvessels are repre-
sented by brown cell clusters. Scale bar is 0.5
mm for Aand 100 ym for B.

N

mouse models of breast cancer. We then speculated that
FM3A, MMA48, and Ehrlich tumors might all be negative for
P-glycoprotein expression, because accumulation of *™Tc-
MIBI was observed on ARG images at 30 min after
injection. We evaluated these tumors for P-glycoprotein
expression by immunohistochemical staining of C219 (Sig-
net Laboratories, Inc., Dedham, MA) according to the
method of Lee et al. (3/) and confirmed the lack of
P-glycoprotein expression in all these tumors. Our results
showed that the #"Tc-MIBI image had a similar distribution
pattern for tumors with different growth rates (Fig. 3).
However, in comparison with “C-DG, %™Tc-MIBI showed
a preferential accumulation within viable cancer cells (Table
2). These results support clinical studies indicating that
9mTc-MIBI clearly delineates primary breast cancer within
the breast parenchyma—a favorable characteristic for a
scintimammographic agent. “C-DG images showed high
uptake not only by cancer cells but also by connective tissue
in the tumor, as has been reported (/7,20).

In the postirradiation uptake studies (Fig. 4), FDG and
9mTc-MIBI showed a similar uptake pattern until day 4.
However, a significant change in the uptake pattern of only
9mTc-MIBI was observed on day 7. The influence of
radiotherapy on FDG uptake in tumors was reported to be
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FIGURE 7. Relationship between microvessel density and
optical density of *"Tc-MIBI images, by Spearman rank correla-
tion test. Linear, significant correlation is seen.

slower than metabolic damage affecting amino acid and
DNA incorporation and synthesis (32). Tumor growth
depends on the balance between cell production and cell
loss, and tumors with lower cell loss continue to grow for a
couple of days after irradiation and then show a gradual
shrinkage. Thus, tumor volume can be influenced by either
edematous swelling or the collapse of dying tissue. There-
fore, the volumetric tumor growth rate does not directly
reflect the tumor growth fraction, especially after therapeutic
intervention (32). In this study, we could not show the
mechanisms of metabolic damage after irradiation, but we
showed the feasibility of ™Tc-MIBI to monitor the effect of
radiotherapy. These results suggest that regrowth of tumors
after radiotherapy can be detected as an earlier increase in
99mTc-MIBI uptake than in FDG uptake, preceded by tumor
enlargement. We evaluated the effects of a single high dose
of radiation, and further study with fractionated radiation
simulating the clinical setting is warranted.

We found a unique variable distribution pattern between
99mTc-MIBI and “C-DG ARG images of irradiated tumors
(Fig. 5). In pretreatment studies using FM3A tumors, we
previously showed that deoxyglucose accumulates not only
in tumor cells but also in inflammatory cell elements in
association with tumor growth or necrosis (/7). Our results
showed low ®™Tc-MIBI uptake in areas damaged by
irradiation, in contrast to areas with little or no damage.
Radiation triggers a series of degenerative and cytolytic
changes, finally leading to cell necrosis (27). Furthermore,
99mTc-MIBI accumulated in viable cancer cells but not in
areas containing fibroblasts and infiltrating macrophages in
conjunction with the elimination of dead cells from postra-
diotherapy necrosis. Although “C-DG uptake by viable
cancer cells is significantly high, differentiation of viable
cancer cells might be difficult because “C-DG uptake in the
macrophage layer around necrotic areas is equal to that in
viable cancer cells (33). Enhanced glycolysis, which is
characteristic of malignancy, is a signal of macrophage
activation (34). Tumor irradiation is usually associated with
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inflammatory cells; therefore, 'C-DG uptake may continue
and show almost homogeneous density on ARG, a pattern
different from that of *™Tc-MIBI.

It has been proposed that tumor growth depends on
angiogenesis and that the development of new capillaries
precedes in vivo proliferation of tumor cells (35). In
addition, several clinical studies have shown that the degree
of angiogenesis, quantified by immunohistochemical stain-
ing for CD34, correlates with the incidence of distant
metastases and survival rate (13,18,19). Figure 7 showed a
significant correlation between the optical density of ™Tc-
MIBI ARG and the density of microvessels in histologic
sections stained for CD34. Our findings suggest that angio-
genesis is important for intratumoral accumulation of #™Tc-
MIBI. These results are consistent with the known character-
istics of "Tc-MIBI imaging: that %"Tc-MIBI exhibits
flow-dependent distribution in the myocardium as a myocar-
dial perfusion agent, and that tumor uptake of *"Tc-MIBI
reaches a peak soon after injection, suggesting flow depen-
dency. Accumulation of *™Tc-MIBI in tumors depends on
several factors related to tumor cells, including a high
number of mitochondria, a high membrane potential, and
expression of the mdr gene (25). In addition to these factors,
we believe that microvessel density is important in determin-
ing 9"Tc-MIBI tissue accumulation.

Our results show a close relationship between the optical
density of "Tc-MIBI ARG and microvessel density. This
finding suggests that a high %™Tc-MIBI uptake reflects a
high density of microvessels; hence, accumulation of ™Tc-
MIBI may be a useful prognostic indicator of the likelihood
of metastasis and survival in breast cancer patients. This
suggestion in turn implies that ™Tc-MIBI scintimammogra-
phy may be useful for selecting or following up patients who
receive aggressive therapy and for predicting the prognosis
of breast cancer patients.

CONCLUSION

Using 3 mouse models of breast tumors having different
characteristics, we showed a significantly different pattern of
FDG uptake, whereas #"Tc-MIBI uptake was similar and
low for all tumors and did not reflect the tumor growth rate.
In ARG studies, ®™Tc-MIBI showed a preferential accumu-
lation in cancer cells but not in infiltrating fibroblasts and
macrophages, and a similar intratumoral distribution pattern
was seen for all 3 tumor types. Compared with “C-DG,
9mTc-MIBI preferentially and significantly accumulated in
viable cancer cells for all tumor models. Postirradiation
tumor uptake studies showed tumor regrowth after radio-
therapy. This phenomenon was detected as an early increase
in %mTc-MIBI uptake relative to FDG uptake and was
preceded by tumor enlargement. The therapeutic effect of
irradiation might be evaluated by changes in *™Tc-MIBI
uptake. #"Tc-MIBI uptake by tumor tissue on ARG corre-
lated with microvessel density, indicating that tumor angio-
genesis contributes to the enhanced uptake of *™Tc-MIBI.
We have used animal models of tumors in our experiments.
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Further studies are warranted to establish the applicability of
our findings to human tumors. We hope our results will be
clinically useful and further enhance *"Tc-MIBI scinti-
mammography.
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